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Abstract: In this paper a new open source SIMULINK blockset, named ALMABuild, for the thermal
dynamic modelling of a building is presented. SIMULINK, integrated with MATLAB, provides
immediate access to an extensive range of analysis and design tools by means of which designers can
easily combine, for instance, the energy dynamic simulation of the building-HVAC systems with
multi-objective optimisation, avoiding heavy co-simulations involving different software platforms.
ALMABuild proposes a simplified way to make the energy model of a building, in which the
calculations are done per so called “thermal zone”, in agreement with EN ISO 52016. The user is
driven towards the building modelling by means of a series of Graphical User Interfaces (GUIs).
In this way the creation of an accurate model can also be achieved by designers lacking specific
expertise in numerical computation. In this paper, the benchmarking of ALMABuild by following the
BESTEST procedure is described. The agreement with the most popular commercial software for
dynamic building energy simulation and with the predictions obtainable by following the simplified
hourly calculation method proposed by EN ISO 52016 confirms that ALMABuild is able to guarantee
an intuitive and accurate modelling of the thermal building physics. Firstly, analytical and empirical
tests are presented, then comparative tests with the reference BESTEST programs, EnergyPlus and
the hourly calculation method proposed by EN ISO 52016 are performed. The agreement with
BESTEST reference data confirms that ALMABuild is able to model the thermal physics as well as
these accepted methods.
Keywords: Simulink; BESTEST benchmark; dynamic building energy simulations
1. Introduction
During the last two decades, the European Commission has issued a series of directives in order to
improve the building energy efficiency and the exploitation of renewable energy sources with the aim
to reduce the environmental costs of the energy consumption linked to building heating and cooling.
These new rules are pushing all the European countries towards the diffusion of the concept of Near
Zero Energy Buildings (NZEBs), following a strict and tight roadmap which requires all new buildings
to be nearly zero-energy by the end of 2020. The design of NZEBs can start from a multi-objective
optimisation of the building energy needs which determines important feedback for the selection
of the envelope elements and of the HVAC components. In order to help designers comply with
this goal, specific numerical tools able to manage both the energy dynamic simulation of the whole
building-HVAC system and the strategy for the conduction of different multi-objective optimisation are
needed. In the literature, multi-objective optimizations, based on the concept of “co-simulation”, are
becoming more and more popular [1,2]. In these works, two or more software platforms are combined
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together in order to obtain detailed information about the observed system. As an example, Ferroukhi
et al. [1], coupled COMSOL and TRNSYS in order to evaluate the dynamic hygro-thermal behaviour of
a building. Dols et al. [2] combined CONTAM with Energy Plus with the aim of evaluating the indoor
contaminant distribution in a multi-zone building. In many cases, the multi-objective optimization is
obtained by using specific software (i.e., modeFRONTIER [3] able to drive multiple Computed Aided
Engineering (CAE) tools (i.e., TRNSYS and CFD software).
MATLAB allows one to achieve, within a unique environment, both dynamic building thermal
simulation and multi-objective optimisation, avoiding “co-simulation” based on the combination of
different software platforms thanks to the availability of specific toolbox like Optimization toolboxTM
and SIMULINK toolboxTM [4,5]. The development of specific SIMULINK blocks for the dynamic
analysis of thermal behaviour of a building and its HVAC system adopting a time step on the order of
seconds was successfully proposed in the past. Riederer et al. [6] introduced the SIMBAD library by
demonstrating that a reliable room model can be efficiently obtained using SIMULINK. In the same year,
the Solar Institute Juelich [7] proposed the Conventional And Renewable eNergy Optimization Toolbox
(CARNOT) blockset, a SIMULINK library for the dynamic analysis of HVAC systems. Later, Van
Schijndel and De Wit [8] developed WAVO, later upgraded and renamed HAMBASE in 2006, a program
built in SIMULINK for the calculation of the thermal and hygrometric performance of a multi-zone
building. The main advantage of building energy simulation software developed with SIMULINK
is that this tool is suitable for modelling the complex control systems which are nowadays used in
contemporary HVAC systems. In fact, as remarked by Wetter [9], in traditional dynamic simulation
software, like TRNSYS or EnergyPlus, the building and HVAC model is based on numerical solution
algorithms that use discrete time representation of the building envelope dynamics that does not allow
time step in the order of seconds, which is the typical time domain of the system control dynamics.
In addition, the advantage to operate in a MATLAB/SIMULINK framework is that this platform is very
well known and widely applied both in academic and professional environment and for this reason the
potential user’s audience able to add new components to the library, both by designing directly new
SIMULINK models or by using C-, Fortran-or MATLAB M-scripting languages is very large.
However, the success of these software based on SIMULINK has been scarce up to now, as proved
by the actual limited diffusion of these libraries. The weak point of these libraries is the creation of
the building model. In fact, up to now an automatic link between the SIMULINK environment and
computer graphics software (CAD) in order to import the geometry of a complex building is not
possible and the implementation of the complete energy building model in SIMULINK is left to the
user by selecting and linking each to other the appropriate blocks from the library.
Since the authors are convinced of the huge potential of the development of a dynamic simulation
open-source software based on SIMULINK toolbox, in this paper a new SIMULINK open blockset
named ALMABuild, useful for the realization of single or multi-“thermal zone” building models is
presented. The choice to distribute ALMABuild as an open toolbox source software is done with the
aim to increase the diffusion of the building dynamic energy simulation among the designers and to
enable each user to develop and share own models in order to accelerate innovations. ALMABuild is
composed by several elementary blocks that are used to write and solve the energy balance equations,
according to a lumped formulation scheme. The ALMABuild blocks are automatically linked to
each other in order to obtain the energy balance of a thermal zone by means of a series of Graphical
User Interfaces (GUIs). In this paper, the benchmarking of the ALMABuild SIMULINK blockset by
following the BESTEST procedure [10] and a series of comparisons with the results obtained following
the EN ISO 52016 norm [11] are presented with the aim of demonstrating the accuracy of the proposed
approach for the analysis of the dynamic thermal behaviour of multi-“thermal zone” buildings.
2. The ALMABuild Rationale
The ALMABuild blockset is composed by a series of SIMULINK blocks useful for the thermal
modelling of a multi-zone building.
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The modelling is obtained by means of the following steps:
• The building is subdivided into internal environments with assumed sufficiently uniform thermal
conditions to enable a thermal balance calculation (thermal zone).
• Each massive envelope element (i.e., walls, roofs, floors) of the thermal zone is modelled by means
of a three thermal resistance + four capacitances (3R4C) network using a specific SIMULINK
Building Massive Element (BME) block. Windows and heat transfer through gaps are modelled
according to Elsherbiny et al. [12] by means of a SIMULINK Building Clear Component (BCC) block.
• The model of a thermal zone is obtained by connecting together BME and BCC blocks, linked to
each massive building element or window of the zone; in this way the thermal balance of the zone
is solved, according to different models, by means of a SIMULINK Building Thermal Balance
(BTB) block having the BME’s and BCC’s blocks as inputs.
2.1. The ALMABuild Physics Model
In Figure 1, the stratigraphy of a multi-layer wall (composed by plaster, insulation, brick and
plaster, from external to internal side) together with its equivalent RC network, in agreement with the
BME 3R4C model, is represented. This figure shows that the 3R4C model adopted for the description
of massive elements is composed by four nodes: two of them are positioned to the internal and external
surface of the element (1 and 4), whilst the other two nodes are located in the interface between
insulation (light) and brick (massive) layer (node 2) an where the first quarter of the total heat capacity
is reached (node 3), starting from the external side. As it is possible to see from Figure 1, the internal
nodes of the RC network can be positioned everywhere in the wall stratigraphy, not only in the interface
between two adjacent layers:
Ctot =
nl∑
i=1
ρicidi (1)
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c) c) i ic t fi t
l i i :
j∑
i=1
ρicidi+ρ j+1c j+1x j+1 =
Ctot
4 ; j ∈ [1,nl− 1], x j+1 ∈
[
0, d j+1
]
lc = j+ ; xc =
j∑
i=
x j+1
(2)
ere t e la ers are co te starti fro t e exter al all la er (i 1).
e siti f t e t er al i s lati is f c ari t e t er al c cti it f eac
all layer:
lis : λ(lis) = min
(
λ
(
l j
))
; j ∈ [1,nl] (3)
Now, the positions of the internal nodes N2 and N3 can be obtained as:
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
N2 = min
( lis∑
i=1
di,
lc−1∑
i=1
di + x j+1
)
N3 = max
( lis∑
i=1
di,
lc−1∑
i=1
di + x j+1
) (4)
After having determined the position of the four nodes of the RC network, thermal resistances
that connect two adjacent nodes (Rj) are calculated as the sum of the thermal resistances of the BME
layers that are contained within the two considered nodes, whilst thermal capacitance of a node is
estimated as the sum of half the thermal capacity of the layers adjacent to the node.
The convective and radiative heat transfer coefficients, both for interior and exterior convective
and radiative heat transfer between the surface of the element and surroundings, are evaluated
according to EN 6946 [13], whilst UNI 11300-1 [14] is adopted for the evaluation of the “fictive” sky
temperature and the calculation of the radiative heat transfer between external surface of the element
and sky. In any case, expert users can modify the values of convective and radiative heat transfer
coefficients, adopting specific values that can be more suitable for specific applications.
BCC blocks contain different RC network, depending on the number of panes of the windows.
In detail, except for single glass windows, BCC RC networks contain n thermal resistance and n + 1
thermal capacitance, where n is the number of panes of the window. By means of these RC models,
the temperature of each pane is evaluated. The solar radiation entering to the thermal zone by the
windows is distributed among the surface of the thermal zone, considering separately beam and
diffuse components. Beam radiation is distributed among the surfaces by means a weighted mean of
the areas, whilst the distribution of diffuse radiation, which is summed up the beam solar radiation
that is reflected by the internal surfaces of the zone, is evaluated by means an algorithm similar to the
one proposed in Judkoff and Neymark [10].
Shadings due to disturbed horizon profile (e.g., due to the presence of mountains in the landscape),
external objects and overhangs are accounted in ALMABuild evaluating the instantaneous shading
factor for beam and diffuse solar radiation [15].
Finally, a BTB block solves the thermal balance of the zone considering the convective and radiative
heat transfer between the interior surface of each building element and the zone, according to different
models. If the “simple” model is selected, a two-star model [16] is adopted for the evaluation of the
mean air temperature and the mean radiant temperature of the zone.; otherwise if a “detailed” model is
chosen (convective [17], radiative [18] or fully detailed [17]), the BTB block implements models that
enable the evaluation of the spatial distribution of the air, radiant and operative temperature in the zone.
2.2. Development of Graphical User Interface (GUI)
The connection between blocks is made by means of customized vectors. A detailed description
of all this kind of blocks can be found in Campana et al. [19]. The blocks require different input data,
such as wall stratigraphy for BME or optical glass and gap gas properties for BCC blocks. In addition,
each building element (i.e., walls, roofs, floors, ceilings, windows) differ from each other in terms
of exposure (internal, external or to ground), slope (vertical, inclined or horizontal) and area. Since
the set of data needed for the description of each envelope element and of each thermal zone can
be very large for complex buildings, a manual implementation of a multi-zone building can become
highly time-consuming and a source of errors. This kind of problem is common to all the commercial
software for dynamic energy simulations based on SIMULINK environment. In the first release
of SIMBAD [6], the most popular SIMULINK-based software for dynamic simulations, the users
were not able to introduce multi-zone building models. So, to simulate a multi-zone building the
user had to combine several mono-zone buildings and to connect them manually. This procedure
was recognized as an important source of errors and, for this reason, in the most recent versions
of SIMBAD a specific building description interface named SIMbad Building Description Interface
(SIMBDI) [20] was developed. SIMBDI is a graphical user interface that allows the user to draw the
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building and to enter all input data interactively. By means of SIMBDI, the user is driven to insert
the complete set of building input data; the program automatically introduces these data within the
vectors and matrixes needed by the SIMBAD multi-zone building model for the solution of the set of
the governing equations.
In ALMABuild, a similar way has been used in order to drive the implementation of the building
model. Like in the last versions of SIMBAD, also in ALMABuild the introduction of the building input
data is obtained by means of Graphical User Interfaces (GUIs), developed in MATLAB, but the main
advantage of ALMABuild with respect to SIMBAD is that the creation of the SIMULINK model is
completely automatized. In addition, since ALMABuild is developed by an academic institution as an
open-source library, each user can create, modify and add new blocks and GUIs to ALMABuild; this
option is not possible with SIMBAD.
Starting from the main interface of ALMABuild, the user is driven towards the construction of
the building energy model by a series of specific interfaces, each one linked to a specific aspect of the
building modelling. The GUIs available for the introduction of the building input data in ALMABuild
are the following:
(1) Weather data GUI, which guides the user to define the weather data by using the METEONORM
database [21] or, only for Italy, the TRY defined by the CTI database [22];
(2) Structures GUI, by means of which the user defines the main characteristics of massive elements;
specific GUI’s are dedicated to special building elements (i.e., Slab on grade floor, windows,
shutters, curtains);
(3) Orientation GUI, by means of which a specific orientation is linked to each envelope element;
(4) Thermal zone GUI, which drives the user to the definition of the position of a thermal zone in the
building. The user can choose between a manual definition of the thermal zone position or he
can import the geometric properties of the building from a SketchUp project;
(5) Thermal zone properties GUI, by means of which the main characteristics of the thermal zones
(in terms of set-point temperature, occupancy profiles and so on) and the envelope elements
that compose the thermal zone, can be defined. Moreover, by means of this GUI the typology of
model adopted for solving the thermal balance of the zone can be selected.
The data introduced by means of GUIs are then collected in two MATLAB structures, named
“Ambient Data” and “Building Data”, by means of which the input data are shared among the other
SIMULINK blocks. In addition, a series of specific interfaces have been developed to allow the user
to modify the input data, adding or erasing elements or thermal zones. In this way, by recalling a
MATLAB function from the ALMABuild main interface, all the elementary SIMULINK blocks are
taken from the ALMABuild library, filled with the input data and connected each other in SIMULINK,
in a fully automatic way without any active role of the user.
Following this procedure, the data required by each block are automatically set in a correct format
to be exchanged among the blocks. In this way the model of a building can be created in SIMULINK in
a short time by reducing the possibility to make mistakes during the input data upload. Therefore, the
user can concentrate his attention on the building physics, avoiding to spend time on computational
aspects. Moreover, during the creation of the building model in the Simulink desktop, the annual
profile of the incident solar radiation over the external building surfaces (considering their slope and
orientation) is calculated following the Perez model [23]. The same is done for the evaluation of the
annual profile of instantaneous shading factors. In this way, the computational effort during the
building energy simulations is reduced, since all the weather data are already available as an input
data for the whole duration of the simulation.
Figure 2 shows the rationale of the creation of a SIMULINK model by means of the ALMABuild
GUI-based procedure. By observing in Figure 1 the typical structure of an ALMABuild model in the
SIMULINK desktop, four block types are present:
• The “climatic data” block (in green in Figure 2);
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• The “thermal zone” blocks (in yellow in Figure 2);
• The “intersections” block (in red in Figure 2);
• The “HVAC” block (in white in Figure 2).
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The “climatic data” block recalls from the MATLAB workspace the data collec ed in the “Ambient
Data” struc ures (i.e., hourly values f external air temperature, humidity, wind velocity, solar radiation
over extern l building surfaces) an calculates the fictive sky temperatur . From Figure 2 it can be
noticed that the “climatic ata” block has no output ports: the utput vector of the climatic data block
is connected to the other blocks by means of the “Goto” Simulink command.
In each “thermal zone” block, the elementary B a blocks li ke to t e envelope
components (walls, roofs, windows . . . ) are collected to the BTB block. The “intersection” block allows
to model the heat transfer across the partition walls which separate different ther al zones. The BME
blocks of these internal structures interact with the “thermal zone” block by means of the SIMULINK
“Goto” and “From” commands. In fact, the “intersection” block receives as input from the “thermal
zone” block the temperature and the incoming solar radiation of the involved zones; on the other hand,
the “intersection” block gives as output to the “thermal zone” block the heat fluxes exchanged by the
intersection elements.
The “thermal zone” block works with two bus signals: the “Power bus”, which contains all
the heat fluxes involved on thermal balance of both the zone and each envelope element, and the
“Ventilation bus”, where heat fluxes and air mass flows due to ventilation are contained.
The air and mean radiant temperature of the thermal zone, collected in the “Temperature zone
bus”, are exchanged among the blocks by means of a “Goto” command. Once the thermal zone blocks
have been created, the user has to connect these blocks with the “HVAC” block which defines the
main characteristics of the heating/cooling plant. The connection between the HVAC block and the
“thermal zone” block is obtained by means of the “Power bus”, that in this case contains as non-zero
elements the convective and radiative part of the thermal power released by the HVAC emitters
to the room. In order to guarantee the compatibility of ALMABuild with CARNOT, a well-known
SIMULINK library of HVAC components, a conversion block able to translate the CARNOT S-vector
in a format compatible with the ALMABuild blocks has been developed. In this way, it is possible
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to use in ALMABuild all the blocks available in the CARNOT library for the modelling of the main
HVAC components (i.e., boilers, thermal solar panels, thermal storage and so on).
3. The ALMABuild Validation
The ALMABuild benchmark has been conducted by following the approach described by the
Building Energy Simulation Test (BESTEST) reported by Judkoff and Neymark [10]. This approach
has been followed for the validation of the main dynamic building energy simulation programs, like
TRNSYS, ESP-r, EnergyPlus and, more recently DeST [24]. In the BESTEST procedure, analytical
verifications, empirical validations and inter-model comparisons must be performed systematically,
following the scheme represented in Figure 3.
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Standard 140 [25] proposed an updated set of reference software, which is considered in the benc mark
described in this paper. In the following, the results collected in this Standard are labelled as BESTEST.
The set of test cases specified in the BESTEST report consists of 40 cases, that progress systematically
from extremely simple to mor complex and realistic cas s. For each test case, the BESTEST report
specifies all the input data, like the hourly ext rnal weather dat , building geometry, intern l gains
schedules, composition of eac e velope elem nt and air v ntilation. The simplest cases are used for
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diagnostic purposes; in fact, single heat transfer mechanisms are added from one case to the following,
in order to easily detect errors in the physical modelling. On the contrary, the following fourteen
qualifications tests are more realistic, and are used to test the ability of the software to take into account,
at the same time, different heat transfer mechanisms and to model building features, like different
windows positions, shading devices and different control strategies.
By adopting the same notation of the BESTEST report, the comparative qualification tests selected
for the ALMABuild benchmark are listed in Table 1. From Table 1 it can be noted that the qualification
cases (not considering the free float cases) selected for the ALMABuild validation are 13: only Case
990, that is related to the ground coupling, has not be considered.
As indicated in Table 1, the envelope element’s composition changes among the tests; in particular,
the heat capacity and the density of the building elements are modified, whilst the total thermal
transmittance is constant over the cases. In this way, the ability of the software to model both heavy
and light buildings is tested. As reported in Table 1, in the qualification tests different control strategies
of the ideal HVAC system integrated to the building are considered. As defined in the BESTEST report,
adopting the “Dead-Band” control strategy the HVAC system is switched on in the heating mode if the
internal air temperature is less than 20 ◦C, whereas if the internal air temperature is higher than 27 ◦C
the HVAC system works on cooling mode. With the “Setback” control strategy a night attenuation is
imposed for the heating mode, whilst the cooling mode is the same of the “Dead-Band” control strategy.
Finally, the “Venting” control strategy is characterised by an hourly profile of the air ventilation and
the HVAC system works only in cooling mode from 7 a.m. to 6 p.m., if the internal air temperature is
higher than 27 ◦C.
Table 1. List of the qualification cases analysed during the comparative tests.
Case EnvelopeComposition
Position of the
Windows
Window
Shadings Control Strategy
600 Lightweight South No Dead band
610 Lightweight South H Dead band
620 Lightweight East, West No Dead band
630 Lightweight East, West H-V Dead band
640 Lightweight South No Setback
650 Lightweight South No Venting
900 Heavyweight South No Dead band
910 Heavyweight South H Dead band
920 Heavyweight East, West No Dead band
930 Heavyweight East, West H-V Dead band
940 Heavyweight South No Setback
950 Heavyweight South No Venting
600 FF Lightweight South No Free-Float
650 FF Lightweight South No Free-Float and venting
900 FF Heavyweight South No Free-Float
950 FF Heavyweight South No Free-Float and venting
960
Back zone Lightweight No No Dead band
Sun zone Heavyweight South No Free Float
Cases labelled FF are the free-float cases, in which the HVAC system is switched off and only the
air ventilation conditions can change if the control strategy is “Venting” (imposing an hourly profile of
the air infiltration rate). For case 960 in which two thermal zones are present, the adopted conditions
during the numerical tests are indicated in Table 1 separately for the back zone and the sun zone.
As suggested by BESTEST, the building geometry reported in Figure 4 has been used during
the numerical tests. The reference room is characterised by a horizontal roof, a near-adiabatic
slab-on-ground floor and two windows, both inserted in the South wall. In order to model the
near-adiabatic slab-on-ground floor, a thick (1 m) under-floor thermal insulation layer has been
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considered in the numerical runs of ALMABuild. For Cases 620, 630, 920 and 930 the position of the
windows is different from the building geometry reported in Figure 4; in these cases, a window both
in the East and the West wall is present. For case 960, two thermal zones are considered by adding
the room indicated with dashed lines in Figure 4. In this last case the original South wall becomes an
internal wall (without windows) which separates the room considered in the other cases (Back zone)
from the additional zone having two windows on the South Wall (Sun Zone).
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The geometry of the shadi e ices t at are rese t i cases 610, 630, 910 and 930 is represented
in Figure 5. In particular, for cases 610 and 910, characterised by t o indo s in the South wall, there
is a single horizontal shading device (Figure 5a); hilst for cases 630 and 930, for both the windows in
the East and West wall, the shading device is co posed by a horizontal and t o vertical overhangs
(Figure 5b).
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For each case, the weather data are th same nd the Typical Meteorological Year (TMY) is supplied
by the BESTEST report. h building is located in Denver (CO, USA), which is characterised by cold
clear wint rs and hot dry summers. The mini um, maxi um and mean annual temperatures are
−24.4 ◦C, 35 ◦C and 9.7 ◦C respectively, whereas the mean d maximum daily temperature ranges are
14.2 ◦C and 29.4 ◦C.
In agree ent ith the roce re s ggeste by the S S report, the comparative test was
performed focusing the attention on the evaluation of the hourly free-float internal air temperature, the
energy consumption and the power peak released by the HVAC system to the room both for heating
and cooling conditions.
4. Results f t alidatio
4.1. Free-Float emperature ases
The first co paris t f r c soft are results have b en ca ried out
considering the pre icti l air te perature in a r om in fr e-floating cond tions.
Since this para eter is t i l ce a ong the heat fluxes exchanged by all
Energies 2019, 12, 2938 10 of 20
the elements involved in the thermal zone, the comparison of the indoor air temperature becomes a
method for the verification of the correct solution of the energy balance of a thermal zone. This last
step is very important for assessing the reliability of ALMABuild, because the internal air temperature
is correctly evaluated only if all the heat fluxes are calculated in a proper way and if the thermal inertia
of all the envelope components is adequately taken into account. In Table 2 for each case analysed, the
annual mean, maximum and minimum indoor air temperature values obtained by using ALMABuild
are reported together with the maximum and minimum threshold values obtained for the same cases
by the reference software cited by ASHRAE Standard 140 [25].
Table 2. Annual internal air temperature values (◦C) obtained for free-float (FF) BESTEST cases
compared with the minimum and maximum threshold values indicated by BESTEST.
Case 600 FF Case 900 FF Case 650 FF Case 950 FF Case 960 Sun Zone
Mean Annual Value
Max threshold 27.4 27.5 20.8 15.3 30.5
Min threshold 24.2 24.4 18.0 14.0 26.4
Average 25.3 25.5 18.9 14.5 28.2
ALMABuild 25.6 25.8 18.7 14.3 29.3
Minimum Annual Value
Max threshold −15.6 −1.6 −21.0 −17.8 6
Min threshold −18.8 −6.4 −23.0 −20.2 −2.8
Average −17.6 −3.7 −22.4 −19.3 2.3
ALMABuild −17.7 −2.1 −22.8 −19.7 2.1
Maximum Annual Value
Max threshold 75.1 46.4 73.5 38.5 55.3
Min threshold 64.9 41.8 63.2 35.5 48.9
Average 67.7 43.7 66.1 36.6 50.5
ALMABuild 69.3 44.2 67.9 36.3 54.4
As reported in Table 2, the results obtained with ALMABuild are in between the minimum and
maximum threshold values defined by BESTEST in each case. More in detail, analysing the mean
annual indoor temperature, it can be noted that ALMABuild results are very close to the average values:
for Case 600 FF and 900 FF ALMABuild results are only 0.3 ◦C higher than the average values, whilst
for Case 650 FF and 950 FF the absolute deviation is even smaller, equal to 0.2 ◦C. On the contrary,
referring to the sun zone of Case 960, the discrepancy of the ALMABuild result to the average value is
1.1 ◦C but again the ALMABuild result is contained within the BESTEST range.
Referring to the minimum annual indoor temperature, results obtained with ALMABuild for
Cases 600 FF and 960 are very close to the average values (−0.1 ◦C and −0.2 ◦C, respectively), whereas
the maximum absolute deviation from the average values is observed for Case 900 FF, for which the
ALMABuild results is 1.6 ◦C higher than the mean.
Finally, considering the maximum annual indoor temperature, higher deviations from the average
values can be observed: for Case 900 FF and 950 FF the deviation is less than 0.5 ◦C, whereas for Case
600 FF, 650 FF and 960 the discrepancies are 1.6 ◦C, 1.8 ◦C and 3.9 ◦C respectively. It can be noted that
the higher discrepancies occur in cases in which the difference between the minimum and maximum
BESTEST threshold values are around 10 ◦C. These cases are characterised by the lightweight envelope
composition: in fact, in light buildings, the maximum indoor temperature is deeply dependent on
the incident solar radiation, whose evaluation differs from the reference BESTEST programs. Solar
radiation is the main responsible of the maximum indoor temperature even for the Sun Zone of Case
960; in fact, even if this thermal zone is composed by external heavyweight walls, the room is not so
big as in the other cases and the thermal capacity do not differs significantly from the lightweight cases,
keeping constant the solar radiation transmitted by the windows.
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In addition to evaluation of the mean, minimum and maximum annual indoor temperature, the
BESTEST procedure requires also the comparison of the hourly profile of the indoor temperature for
two specific days.
Figure 6a shows the hourly profile of the internal temperature evaluated with ALMABuild (solid
line) compared with the maximum and minimum profiles (dashed lines) reported by the BESTEST report
for case 600 FF. In the same way, Figure 6b represents the hourly profile evaluated for case 900 FF.Energies 2019, 12, x FOR PEER REVIEW 11 of 20 
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the i ernal air temperature rend. It can be noted tha the amplitude of the variation of the internal
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As quoted in Table 1, case 650 FF and 950 FF have the same wall composit on of case 60 F and
900 FF respectively but with an extra intermittent air ventilation profile. From the results reported in
Figure 7 it is possible to appreciat that, also for cases 650 FF and 950 FF, ALMABuild res lts are within
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the BESTEST limits, except from 7 to 8 for Case 650 FF (see Figure 7a) for which ALMABuild predictions
are slightly lower than the BESTEST minimum threshold (discrepancies are lower than 0.5 ◦C), and
during the first hours of the day for Case 950 FF (see Figure 7b), for which ALMABuild predictions
are lower than BESTEST minimum threshold of around 0.1 ◦C. Therefore, even if the ALMABuild
predictions not always are contained in the BESTEST range, it can be verified that the effects due to the
presence of an intermittent air ventilation profile are correctly modelled by ALMABuild.
4.2. Results for Cases in Presence of an Ideal HVAC System
This comparative test is related to the evaluation of the behaviour of a room in which an ideal
HVAC system for heating and cooling is working adopting different control strategies. The considered
HVAC system is characterised by a unitary efficiency and by an infinite power; only sensible loads
are considered. The annual energy exchanged from HVAC system and indoor air during cooling
and heating and the annual peaks of heating and cooling loads in the room are evaluated for the
non-free-float cases in order to test the software capability to implement correctly different control
strategies and to couple the building to the HVAC system. The comparison between the annual energy
demand predicted by using ALMABuild and the minimum, maximum and average values obtained
with the software referenced by ASHRAE Standard 140 for lightweight buildings is reported in Table 3
and in Table 4, for heating and cooling respectively.
Table 3. Annual Heating Load (MWh) obtained for non-free-float lightweight BESTEST cases compared
with the minimum and maximum threshold values indicated by BESTEST.
CASE 600 610 620 630 640 650
BESTEST Minimum 4.296 4.355 4.613 5.05 2.751 0
BESTEST Maximum 5.709 5.786 5.944 6.469 3.803 0
BESTEST Average 5.046 5.098 5.328 5.686 3.135 0
ALMABuild 4.857 5.126 5.151 5.627 3.15 0
Difference −3.7% 0.5% −3.3% −1% 0.5% 0
Within range Yes Yes Yes Yes Yes Yes
Table 4. Annual Cooling Load (MWh) obtained for non-free-float lightweight BESTEST cases compared
with the minimum and maximum threshold values indicated by BESTEST.
Case 600 610 620 630 640 650
BESTEST Minimum 6.137 3.915 3.417 2.129 5.952 4.816
BESTEST Maximum 8.448 6.139 5.482 3.701 8.097 7.064
BESTEST Average 7.053 5.144 4.416 2.951 6.79 5.708
ALMABuild 6.958 4.919 4.156 2.629 6.758 5.723
Difference −1.3% −4.4% −5.9% −11% −0.5% 0.3%
Within range Yes Yes Yes Yes Yes Yes
Referring to Table 3 it can be noted that the ALMABuild results are always within the BESTEST
range. More in detail, the ALMABuild predictions are very close to the average BESTEST values: the
maximum absolute deviation from ALMABuild and the average BESTEST values is 3.7% (for Case
600), whilst for Case 610 and 640 the deviation is 0.5%. In Case 650 the absence of heating demand is
due to the fact that, as reported in Table 1, in this case the HVAC system works only on cooling mode.
Considering the predictions of the annual cooling demand, reported in Table 4, higher deviation
of the ALMABuild results from the average BESTEST values are observed, even if in all the cases
ALMABuild predictions are within the BESTEST range. However, except for Case 620 and 630, the
absolute deviation is lower than 5%.
The same comparisons performed for the lightweight buildings are repeated also for buildings
with heavyweight envelope elements. In Table 5 the predictions of the annual heating demand obtained
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by using ALMABuild, together with the BESTEST minimum, maximum ad average results are reported.
From the data collected in this Table, it can be noted that the ALMABuild results are always within
the BESTEST range. In particular, absolute deviations from the average BESTEST values less than 5%
are observed for Case 910, 920 and 930, whereas for Case 900 and 940 higher deviation are remarked.
Nevertheless, the higher deviation for these two cases are mainly due to the low absolute value of the
average value. In Case 950 there is no heating demand since, as reported in Table 1 the HVAC system
works only on cooling mode.
Table 5. Annual Heating Load (MWh) obtained for non-free-float heavyweight BESTEST cases
compared with the minimum and maximum threshold values indicated by BESTEST.
Case 900 910 920 930 940 950
BESTEST Minimum 1.17 1.512 3.261 4.143 0.79 0
BESTEST Maximum 2.041 2.282 4.3 5.335 1.411 0
BESTEST Average 1.649 1.951 3.828 4.603 1.086 0
ALMABuild 1.456 1.886 3.674 4.570 0.997 0
Difference −12% −3.4% −4% −0.7% −8% 0
Within range Yes Yes Yes Yes Yes Yes
Analysing the prediction of the annual cooling demand, reported in Table 6, much higher deviations
of the ALMABuild results to the average BESTEST values are observed; however, ALMABuild
predictions are always within the BESTEST range.
Table 6. Annual Cooling Load (MWh) obtained for non-free-float heavyweight BESTEST cases
compared with the minimum and maximum threshold values indicated by BESTEST.
Case 900 910 920 930 940 950
BESTEST Minimum 2.132 0.821 1.84 1.03 2.079 0.387
BESTEST Maximum 3.669 1.883 3.313 2.238 3.546 0.921
BESTEST Average 2.826 1.521 2.684 1.15 2.725 0.635
ALMABuild 2.714 1.262 2.453 1.424 2.561 0.537
Difference −3.9% −17% −8.6% −24% −6% −15%
Within range Yes Yes Yes Yes Yes Yes
The greatest deviations from the BESTEST average values are referred to Case 910 (−17%) and 930
(−24%), which are characterised by the adoption of shading devices. The predictions of the annual
cooling demand for Case 900, 920 and 940 are the closest to the average BESTEST values; their absolute
deviations are less than 10%. Finally, for Case 950 a deviation of 15% is observed, but it is mainly
due to the very low absolute value of the cooling demand, in fact the absolute difference between
ALMABuild and the BESTEST average is around 0.1 MWh.
After the comparison of the annual heating and cooling loads, the BESTEST procedure requires
the evaluation of the annual heating and cooling power peaks, with the aim to compare the dynamic
behaviour of the building with different boundary conditions and adopting different control strategies.
In Table 7, the predicted annual heating peak for lightweight buildings obtained using ALMABuild
are compared to the results of the BESTEST reference software. From Table 7, it can be noted that the
ALMABuild results are always within the BESTEST range; moreover, ALMABuild results are very
close to the average BESTEST values: the absolute deviations are less than 6.5%.
Similar conclusions can be assessed considering the predictions of the annual cooling peak.
As reported in Table 8, the ALMABuild results are within the BESTEST range and the absolute
deviation from the average BESTEST values is even smaller than for the evaluation of the heating
peaks. In fact, expect for Case 620, in which a deviation of 5.2% is observed, for the remaining cases
the deviation is around 3% (Case 600, 630 and 640) or 1% (Case 610 and 650).
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Table 7. Annual Heating Peak (kW) obtained for non-free-float lightweight BESTEST cases compared
with the minimum and maximum threshold values indicated by BESTEST.
Case 600 610 620 630 640 650
BESTEST Minimum 3.437 3.437 3.591 3.592 5.232 0
BESTEST Maximum 4.354 4.354 4.379 4.28 6.954 0
BESTEST Average 3.952 3.947 3.998 3.949 5.903 0
ALMABuild 3.735 3.723 3.744 3.739 5.524 0
Difference −5.5% −5.5% −6.4% −5.3% −6.4% 0
Within range Yes Yes Yes Yes Yes Yes
Table 8. Annual Cooling Peak (kW) obtained for non-free-float lightweight BESTEST cases compared
with the minimum and maximum threshold values indicated by BESTEST.
Case 600 610 620 630 640 650
BESTEST Minimum 5.965 5.669 3.63 3.072 5.884 5.831
BESTEST Maximum 7.188 6.673 5.096 4.116 7.126 7.068
BESTEST Average 6.535 6.090 4.393 3.688 6.478 6.404
ALMABuild 6.743 6.115 4.166 3.571 6.697 6.323
Difference 3.2% 0.4% −5.2% −3.2% 3.4% −1.2%
Within range Yes Yes Yes Yes Yes Yes
As done for cases with lightweight buildings, comparison of the heating and cooling peak loads is
performed also for heavyweight buildings. In Table 9, ALMABuild predictions of the annual heating
peak are compared to the BESTEST values. Again, ALMABuild results are within the BESTEST range.
Moreover, the absolute deviations from the average BESTEST values are slightly higher than the cases
with lightweight buildings. In fact, in the lightweight cases the absolute deviations are around 6%,
whilst for the heavyweight buildings are around 7%.
Table 9. Annual Heating Peak (kW) obtained for non-free-float heavyweight BESTEST cases compared
with the minimum and maximum threshold values indicated by BESTEST.
Case 900 910 920 930 940 950
BESTEST Minimum 2.85 2.858 3.308 3.355 3.98 0
BESTEST Maximum 3.797 3.801 4.061 4.046 6.428 0
BESTEST Average 3.452 3.459 3.738 3.733 5.414 0
ALMABuild 3.203 3.208 3.456 3.498 4.97 0
Difference −7.2% −7.3% −7.6% −6.3% −8.2% 0
Within range Yes Yes Yes Yes Yes Yes
Considering the evaluation of the cooling peak, similar conclusions can be assessed. From the
results collected in Table 10, it can be appreciated that the maximum deviation of the ALMABuild
results from the BESTEST average values, observed for Case 910, is around 12%. However, ALMABuild
results are always contained in the BESTEST range.
The results collected from Table 3 to Table 10 show that the ALMABuild predictions of annual
heating and cooling energy demand and thermal power peaks for both light and heavyweight buildings
are always contained within the BESTEST range reported in ASHRAE 140 [25]. Therefore, it is possible
to assess that the validity of the algorithms implemented in ALMABuild for the energy balance of
a thermal zone and the ability of the program to model different control strategies and boundary
conditions is confirmed by these comparative tests. Finally, in Table 11 the comparison between
ALMABuild and the BESTEST reference software for the evaluation of the annual heating and cooling
energy demand and power peak for Case 960 is reported. As described in Table 1, in this case the
building is composed by two zones: the Back Zone is equipped with a HVAC system, whereas the
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Sun Zone is in free-float conditions. Analysing the results collected in Table 11, it can be noted that
even in this case ALMABuild predictions are within the BESTEST range; however, a great deviation
from the average BESTEST values is observed for the evaluation of the cooling energy demand (−37%)
and power peak (−21%). In fact, these two predictions are slightly above the minimum BESTEST
threshold. Nevertheless, these results allow to consider the ALMABuild algorithms for the evaluation
of multi-zone buildings as validated.
Table 10. Annual Cooling Peak (kW) obtained for non-free-float heavyweight BESTEST cases compared
with the minimum and maximum threshold values indicated by BESTEST.
Case 900 910 920 930 940 950
BESTEST Minimum 2.888 1.896 2.385 1.873 2.888 2.033
BESTEST Maximum 3.932 3.277 3.505 3.08 3.932 3.17
BESTEST Average 3.46 2.676 3.123 2.526 3.46 2.724
ALMABuild 3.655 3.0 2.862 2.405 3.631 2.532
Difference 5.6% 12% −8.4% −4.8% 4.9% −7.6%
Within range Yes Yes Yes Yes Yes Yes
Table 11. Annual heating and cooling load (MWh) and peak (kW) for back zone of Case 960, compared
with the minimum and maximum threshold values indicated by BESTEST.
Case Heating Load Cooling Load Heating Peak Cooling Peak
BESTEST Minimum 2.144 0.4113 2.41 0.953
BESTEST Maximum 3.373 0.895 2.863 1.422
BESTEST Average 2.709 0.669 2.686 1.210
ALMABuild 2.788 0.416 2.605 0.955
Difference 2.9% −37% −3.0% −21%
Within range Yes Yes Yes Yes
5. Comparison with Other References
Analysing the maximum and minimum BESTEST threshold values collected from Table 3 to
Table 11, a great discrepancy can be observed. More in detail, as reported in Table 12 discrepancies
between maximum and minimum threshold values, for each qualification case, go from the 16% to more
than 100%: the highest differences concern the annual cooling energy for the heavyweight buildings,
whilst the lowest discrepancies are related to the heating power peak for lightweight buildings.
Table 12. Discrepancy (%) between the maximum and minimum BESTEST threshold values for all the
qualification tests. Highest and lowest discrepancies are evidenced in bold.
Case 600 610 620 630 640 650 900 910 920 930 940 950 960
Heating load 28 28 25 25 34 – 53 39 27 26 57 – 46
Cooling load 33 43 47 53 32 39 54 70 55 105 54 84 72
Heating peak 23 23 20 17 29 – 27 27 20 19 45 – 17
Cooling peak 19 16 33 28 19 19 30 52 36 48 30 42 39
Therefore, for some cases, due to the great spread between the reference results, the BESTEST
procedure is not really strict. This is due to the fact that BESTEST and ASHRAE 140 reference software
lists contain outdated codes, like SERIRES, S3PAS and TASE, that are no more used. It has to be
underlined how the highest discrepancies between ALMABuild and BESTEST results have been
observed just referring to these software and the outdated version of ESP-r. In fact, in both the BESTEST
and ASHRAE 140 reference software lists the updated version of reference software are omitted as well
as recent software for the dynamic building energy simulation, like EnergyPlus. Therefore, in order to
obtain a stricter verification, with converging reference threshold values, the reference software list
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should be periodically updated, eliminating codes based on outdated models and introducing new
software recognized as reliable and well diffused.
For these reasons, with the aim to have an additional benchmark of the ALMABuild library,
a comparison with other references is performed. In particular, the ALMABuild predictions are
compared to the results obtained with EnergyPlus and the hourly method proposed by the recent
European Standard EN ISO 52016 [11]. The BESTEST qualification cases are considered for this
comparison. Predictions of the annual heating and cooling energy demand and power peak obtained
with EnergyPlus are available for the version 8.3.0 [26], whereas in EN 52016 are collected the results
obtained with the hourly method proposed only for Cases 600, 640, 900 and 940.
In Figure 8, the annual energy demand for heating (positive values) and cooling (negative values)
predicted by EnergyPlus, EN 52016 and ALMABuild for the lightweight cases are represented, together
with the minimum and maximum BESTEST threshold values (dashed lines).Energies 2019, 12, x FOR PEER REVIEW 16 of 20 
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Figure 8. Comparison of the annual energy demand (MWh) predicted by EnergyPlus, the Standard EN
52016 and ALM Build for lightweight BESTEST buildings.
In this figure it is pos ible to appreci t t t t lt t i ed ith the new hourly method
described by IS 52016 (for the cases for which results re available), like the ALMABuild
results, are within the BESTEST range, whilst EnergyPlus do not. More in detail, EnergyPlus slightly
underestimates the annual heating load for Cases 620, 630 and 640; on the contrary the predicted
annual cooling load is always within the BESTEST range. Discrepancies between ALMABuild and
EnergyPlus go from the 10% (Case 600) to 15% (Case 640) for the heating loads, whilst for the cooling
energy demand deviations are less than 5%, except for Case 630, for which the difference between
ALMABuild and EnergyPlus is 6%. Also the results obtained with the new European Standard are close
to the ALMABuild predictions: the maximum deviation, equal to 8%, is observed for the evaluation of
the cooling load in Case 600.
Predictions of the annual energy demand for the BESTEST heavyweight buildings and the
multizone case, obtained with ALMABuild and the additional references are reported in Figure 9.
In this figure it can be noted that, as previously demonstrated, the ALMABuild results are within
the BESTEST range, on the contrary EnergyPlus and EN 52016 do not. Again, as for lightweight
buildings, the EnergyPlus annual heating loads are always around the minimum BESTEST threshold
values and from Case 910 to Case 940 the EnergyPlus predictions are lower the BESTEST range. On the
contrary, the evaluation of the cooling energy demand by means of EnergyPlus is always within the
BESTEST range. Comparing EnergyPlus and ALMABuild heating demand predictions, the minimum
deviation is observed for Case 920 (+13%), whilst the maximum occurs for Case 940 (+23%). On the
contrary, regarding the annual cooling loads, discrepancies are around 5%, except in Case 930 (−15%)
and Case 960 (−54%).
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Figure 9. Comparison of the annual en rgy demand (MWh) predicted by EnergyPlus, the Standard EN
52016 and ALM Build for heavyweight BESTEST buildings.
Considering the EN 52016 results, it can be noted that for Case 940 predictions are within the
BESTEST range, even if a large discrepancy with ALMABuild, around 30%, for both the cooling
and heating demand there exists. However, in Case 900, EN 52016 predictions are very far from the
BESTEST range: the heating demand is too high (+129% with respect to ALMABuild) and the cooling
load is too lower (−97%).
The predictions of the heating and cooling power peak delivered by the ideal HVAC system for
lightweight buildings, reported in Figure 10, show a good agreement among the different numerical
method considered. In fact, for ALMABuild, EnergyPlus and EN 52016 the results are always contained
within the BESTEST range. Moreover, the discrepancies between ALMABuild and EnergyPlus are
around 0.5% for the heating power peak and around 5% for the cooling one, except the heating power
peak evaluation in Case 640, for which a deviation of 14% is observed. Comparing the EN 52016
predictions to the ALMABuild ones, deviations are around 20% for the heating power peak and around
6% for the cooling.
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Finally, in Figure 11 are shown the heating and cooling power peaks predicted for the BESTEST
heavyweight cases. In this figure it can be appreciated that ALMABuild and EnergyPlus results are
always within the BESTEST range, whereas EN 52016 predictions are always higher than the BESTEST
range. In particular, for Case 940 the difference between ALMABuild and EN 52016 heating peak
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prediction is very high (+97%), whilst in the other case the deviation is around 20%; on the contrary
deviations for the cooling power peak for both Case 900 and 940 are around 11%. On the other hand,
the discrepancies between ALMABuild and EnergyPlus for the heating peak evaluation are very
low: the maximum absolute deviation is 3%. Larger deviations are observed for the cooling peak
estimations: the difference between ALMABuild and EnergyPlus are less than 10%, except for Case910
(+14%) and Case 960 (−20%).
From the results reported from Figure 8 to Figure 11, some general conclusions can be assessed.
First of all, it can be noted that the predictions obtained with a wide diffuse software for the building
energy simulation like EnergyPlus not always are contained within the BESTEST range. This fact
underlines that the BESTEST procedure should be updated taking into account the most recent
programs for building energy simulations. However, the comparison between ALMABuild, whose
results are always contained in the BESTEST range, and EnergyPlus shows a good agreement among
these programs, with discrepancies generally lower than 10%, confirming the validity of the numerical
models implemented in ALMABuild. The maximum differences between these two software are
observed in Case 960, in which a multizone building is considered.Energies 2019, 12, x FOR PEER REVIEW 18 of 20 
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On the contrary, the comparison between ALMABuild and the new hourly model proposed
by EN 52016 is less significative. This is due not only to the few Cases for which results obtained
with the new hourly model are available, but also because, as it has been demonstrated, predictions
obtained following the EN 50126 for heavyweight buildings are significantly out from the BESTEST
range, revealing some problems to model correctly the thermal inertia of buildings. In fact, even if
the rationale of this Standard is the same followed in ALMABuild (the building is divided in thermal
zones, each building element of a zone is studied by using a RC model and the heat fluxes across these
elements are combined to obtain the energy loads and the internal air temperature of the thermal zone),
there are important differences between the 3R4C model adopted in ALMABuild and the RC model
proposed in the Standard.
The main differences between the ALMABuild RC network adopted in the BME blocks and the
4R5C network proposed by the EN 52016 for the wall modelling concern the evaluation of the total
capacity of the wall and its distribution to each node. In EN 52016, the value of the total capacity of
the envelope element is obtained by classifying each element by means of definitions based on the
main layers composing the element. It can be remarked that, contrary to the procedure followed in
ALMABuild, adopting the method proposed by EN 52016, the total capacity of massive envelope
elements is not equal to the actual capacity of the element, but it is set to a specific constant value based
on the class of the element (very light, light, medium, heavy, very heavy).
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6. Conclusions
In this paper, a new open SIMULINK blockset (ALMABuild) for the dynamic energy modelling
of buildings and HVAC systems has been presented. ALMABuild is able to drive the user to the
automatic creation of the building model in the SIMULINK desktop by means of a series of Graphical
User Interfaces (GUIs), developed in MATLAB. In this paper a series of comparative tests, conducted
by using the reference cases defined by the BESTEST procedure, have been shown in order to validate
the numerical procedure followed by ALMABuild for the analysis of the dynamic behaviour of a
thermal zone, both in presence or not of a HVAC system. For all the cases analysed it is shown that
results obtained using ALMABuild are always within the maximum and minimum threshold values,
defined by the reference data collected in ASHRAE Standard 140. In addition, a comparison between
ALMABuild, EnergyPlus and with the results obtained by using the new EN ISO 52016 has been made
using relevant BESTEST cases. EnergyPlus results in same cases are slightly lower than the minimum
BESTEST threshold values for the evaluation of annual heating loads, however discrepancies among
ALMABuild and EnergyPlus are less than 30% for heating loads, whilst for the evaluation of the power
peak is generally lower than 5%. On the contrary, the results reported in the paper demonstrate that
predictions obtained following the simplified hourly method proposed in the new EN ISO 52016, for
heavyweight building, are very different to the results obtained with ALMABuild (with discrepancies
higher than 90%) and the reference software.
Further development of the algorithm presented in this paper are planned. In particular, two
main aspects of the numerical code are to be improved. The first one is related to the development of
the mass transfer modelling across the envelope elements. In this way, the evaluation of the water
condensation risks within the element and the indoor air humidity ratio in the thermal zone will be
available. Therefore, accurate studies about the cooling thermal loads, considering also the latent
heat loads (especially in summer and in presence of high occupancy density) will be enabled. The
second point to be improved in ALMABuild concerns the air flow modelling between thermal zones
and within a thermal zone in presence of driving flows (e.g., in the case of adoption of convective
HVAC systems).
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